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Introduction
Environmental noise continues to be one of the most common quality-of-life complaints in many cities.
Because of the difficulty of sufficiently reducing noise levels in directly exposed outdoor locations [1] , a complementary strategy is to design dwellings with access to a "quiet side"-a sufficiently quiet courtyard or backyard that is shielded from direct noise exposure [2] .
Despite being accurate for directly exposed and simply screened locations, current prediction methods (such as Harmonoise [3] or Nord2000 [4] ) often fail to accurately predict immission in shielded areas subject to multiple reflections, such as a courtyard screened on all sides. Thorsson et al. [5] found errors of 11 to 14 dB when comparing measured and predicted noise levels in such a courtyard, while a similar comparison at a location directly exposed to traffic yielded good agreement.
Recent research has turned instead to using sophisticated numerical methods to evaluate sound propagation.
Using the simplified geometry of urban canyons formed by buildings, streets, and yards, these numerical methods can feasibly be used to evaluate propagation within or between canyons, while including important factors such as multiple reflections, diffraction, absorption, scattering, and atmospheric effects (see, for example, urban canyon studies using the Equivalent Sources Method by Ögren and Kropp [6] , and using the Finite Difference Time Domain model coupled with the Parabolic Equation model by van Renteghem, Salomons, and Botteldooren [7] ). Applying these accurate methods over wide and complex urban areas, however, remains computationally prohibitive.
Because a range of receiver locations may be influenced by the same wide source distribution, time-averaged shielded-side community noise levels are often nearly constant across a wide urban area. Thorsson et al. [5] illustrated this with field measurements, and proposed a simple "flat city" engineering model for shielded noise immission. In this type of model, source and receiver points are raised to equivalent sources and receivers at roof level; immission is calculated from the source strength, propagation over flat, hard ground, and a series of correction factors. Each correction factor represents a single propagation loss factor: the coupling from source to roof level, surface influence, meteorological effects, and the coupling from roof level to shielded receiver. Although Thorsson et al. identified a number of possible individual correction factors, their study instead utilized an overall empirical correction based on field-measured data [5] .
In such an engineering model, intermediate canyons that lie between a source canyon and a receiver canyon could be included as a surface influence propagation loss factor, since they represent a significant departure from the smooth ground or simple screening assumed in many engineering methods. For instance, although the Harmonoise model allows for diffractive screening by barriers and Fresnel-weighting of ground attenuation for arbitrary locallyreacting ground impedance [3] , the model overlooks multiple reflections between barriers or within canyons.
Knowledge of the influence of these intermediate canyons on long-range sound propagation would be useful to estimate shielded-side noise immission, without the significant computational effort of a detailed numerical calculation. The goal of this paper is therefore to characterize the wide-band "insertion loss" of one or more urban canyons, for the case of grazing sound propagation between a roof-level source and receiver.
Tools of analysis
Several numerical methods are suitable for exploring the influence of urban canyons on sound propagation.
In the current work, the parabolic equation and equivalent sources methods were used as a basis for analysis and validation of results. The following describes the concepts and assumptions of each method; rigorous treatments of both methods are available in the references [6] [8] [9] .
Parabolic equation method
In atmospheric acoustics, the Parabolic Equation (PE) method is a versatile numerical method for calculating sound propagation from a monopole point source over a ground surface of arbitrary impedance. In the current work, the Crank-Nicholson PE formulation given by Salomons [8] was used, based on the one-way axisymmetric Helmholtz equation. Using r -z coordinates and
where k is the wave number and the complex amplitude ( ) z r q , is related to the complex sound pressure amplitude ( ) The resulting parabolic equation is solved by approximating each derivative with a centered second-order accurate finite difference. This leads to a set of linear equations, with one equation for each height point; solving this system numerically leads to an expression for a single PE range step, ( ) ( ) r r q r q ∆ + → . The sound field grid is thereby "marched" in the direction from source to receiver as detailed in [8] , and therefore excludes any backscattering or other backwards propagation. Consistent results can be assured at a grid discretization (height and range step) of about λ/10 (one-tenth wavelength), as used throughout the current work.
This PE method characterizes sound propagation only over flat ground and only in one direction. In the current work, Kirchhoff and complementary Kirchhoff approximations were made at each rooftop edge and canyon wall. At a rooftop edge, the domain is extended downward into the canyon, with grid points along the canyon wall set to zero-the Kirchhoff approximation. For canyon reflections, the complementary approximation is used: the grid values up to the roofline of the canyon wall are reduced by a reflection factor, and the values above the roofline are set to zero. This approach has been validated for screening [10] and multiple reflections [11] , though it may be less accurate for receivers very near to or at high elevation angles from the diffraction point.
Equivalent sources method
The arrangement of a road between two buildings lends itself to a two-dimensional model, where the road traffic acts as a continuous line source and the buildings form a continuous canyon. The 2-D Equivalent Sources
Method (ESM) as applied to the canyon geometry by Ögren and Kropp [6] simplifies this domain by splitting it into two simpler domains with known Green's functions: that of propagation over a flat surface (a Hankel function), and that of the sound field inside a closed rectangular cavity (a modal summation). An array of equivalent sources at both sides of the interface is used to marry the two sub-domains, forming a continuous overall sound field as illustrated in Fig. 1 .
The equivalent source strengths fulfill the Helmholtz equation as well as continuity of pressure and normal velocity at the interface. The system can be formed into a set of linear equations by discretizing the equivalent source distribution, allowing solution for the equivalent source strengths. In [9] , Hornikx and Forssén extended the 2-D ESM to a "2.5-dimensional" geometry; that is, a geometry that is still invariant in the y-direction, but producing a 3-D point source solution of the Helmholtz equation, which also can be used to obtain an incoherent line source solution.
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Model validation
In this section, we compare the excess attenuation (EA) of a canyon in a rooftop among the numerical models introduced above. We define this excess attenuation to be the difference in receiver sound pressure level between the case with the canyon present and the case without the canyon present (i.e. a flat, continuous roof).
ESM versus PE
To validate the PE-Kirchhoff method for this problem, a simple case was chosen for analysis in the ESM, which has been previously validated for the canyon geometry has a similar value of -1.8 dB.
Next, this arrangement was analyzed using the PE method, first with 30 total reflections within the canyon (in excess of the 25 reflections validated for hard obstacles by Aballéa and Defrance [11] ); the result is shown in Fig. 4 .
On a 1/3-octave band basis, this result was nearly identical to the ESM result in Fig. 3 , with slightly less narrowband oscillation due to the finite reflection order. This result motivates use of the computationally-efficient PE for this configuration.
To further examine the influence of reflection order on this agreement, analysis was performed with no reflections, or the case of simple diffraction over both canyon edges. This case also corresponds approximately to that of total sound absorption within the canyon. The result appears in Fig. 5 ; in this figure, the oscillation around the average is eliminated, leaving a nearly constant narrowband spectrum. The 1/3-octave band spectrum is also nearly constant, with an average value and Awt Ctr value of -1.8 dB, the same as was found with 30 reflections and similar to the ESM result.
These results suggest that on both a 1/3-octave band and an A-weighted basis, the canyon excess attenuation is virtually independent of the number of canyon reflections included in the calculation. Considered another way, it
indicates that canyon attenuation is independent of the canyon interior absorption, since absorption is not considered in a 0-reflection analysis. This is in contrast to the analysis of the sound field within a source or receiver canyon, where surface properties must be considered for accurate results [2] [7][13] [14] .
Influence of source model
The PE method describes propagation from a point source in an axisymmetric domain, while the ESM describes a coherent line source in a 2-D domain. However, a finite incoherent line source is a more accurate model for traffic noise emission from a finite roadway; it has been shown that using a coherent or an infinite incoherent source model can be overly optimistic when evaluating noise control measures [9] .
A sample calculation was made for a 400 m long incoherent line source, according to the formulation in [15] .
In this comparison, the 1/3-octave band excess attenuation of the canyon did not differ significantly among the different source models. The average 1/3-octave value for the finite incoherent ESM differed by only 0.04 dB from both the coherent ESM and the zero-reflection PE results, with similar frequency independence and similar deviation in individual values about the average (standard deviation of 0.17 dB for the coherent versus 0.11 dB for the finite incoherent).
Parameter study
Since the efficient 0-reflection PE method agrees well with the ESM method and the finite incoherent line source model for the current problem, it was used in nearly all the remaining parameter analyses. The influence of geometric parameters such as canyon depth, width, location, and quantity were evaluated for typical urban canyon geometries and distance scales. Variation in source/receiver height, roof height, roof impedance, and wind gradient were then evaluated for typical cases.
Canyon depth
The influence of canyon depth was examined first. Using the geometry in Fig. 2 , the analysis was repeated using canyon depths of 8 m and 40 m (approximately 2 story and 10 story buildings, respectively). These results are summarized in Table 1 , again in terms of the mean 1/3-octave band and Awt Ctr values. In each case, 1/3-octave band values remained fairly constant about the average (still -1.8 dB in each case), especially for greater canyon depths.
For canyons having very shallow depth compared to the width, reflections from the canyon bottom will begin to influence the results; however, such wide, shallow canyons may not be of high practical relevance.
Canyon width and location
Next, variation in the width and location of a single canyon between the source and receiver was investigated.
The results of 20 such trials are summarized in Table 2 . In almost every case, the resulting EA spectrum was nearly constant on a wide band basis; standard deviation in the 1/3-octave band values was less than 0.1 dB in all but one geometry (where the receiver was very close to the canyon). In all cases, the A-weighted EA was within 0.1 dB of the mean 1/3-octave band EA.
In evaluating these results, it was found that the average 1/3-octave band value depends not on the absolute canyon width, but on the width relative to the overall source-receiver distance: calculations with a constant ratio of canyon width to field distance (yet different absolute widths) yielded nearly the same excess attenuation. Figure   Fig Similarly, the average excess attenuation value depends not on the absolute source-canyon distance, but on the canyon location relative to the total source-receiver distance. Calculations with the same ratio of source-canyon distance to overall field distance yielded nearly the same average 1/3-octave band result, as shown in Fig. 7 for eleven PE calculations (all with a normalized canyon width of 0.1). These data represent absolute canyon center locations from 31 m to 189 m from the source, and absolute field distances from 100 m to 300 m. Excess attenuation ranged from -1.8 dB to -4.7 dB, and the tight grouping (three points at location 0.5 and two points at location 0.675) shows similar results for calculations with the same normalized canyon location. The symmetry of the result about the center location 0.5 illustrates the expected reciprocity between source and receiver.
These figures illustrate some general trends in the excess attenuation for an urban canyon. As canyon width increases in comparison to the total source-receiver distance (Fig. 6 ), the effect of the canyon increases in a fairly linear fashion. Likewise, as the canyon moves closer to the source or receiver (Fig. 7) , its effect increases.
It should be noted that the results in Fig. 7 were generated using the PE method, but the Kirchhoff approximation may lead to inaccurate results for receivers very close to the canyon edge. Reproducing the situation of a receiver 1 m from the edge of a 20 m wide canyon in a 200 m field using the ESM, the average 1/3-octave band ESM result of -3.7 dB (not a product of the Kirchhoff approximation) was significantly different than the PE result of -4.7 dB. This confirms that the Kirchhoff approximation used in the PE method may be less accurate for receiver locations very close to the diffraction point.
Multiple canyons
All of the previous results were obtained for a single canyon in a flat rooftop. It is not immediately obvious whether inserting additional canyons in this rooftop will result in an overall effect that is the simple sum of the influences of each individual canyon; nor can it be taken for granted that the "0-reflection" diffraction-only PE calculation scheme remains accurate for multiple canyons.
To investigate this, calculations were made for a single canyon located eccentrically in a 200 m field, and this result was compared with a calculation including an identical second canyon in the reciprocal location. Reciprocity between source and receiver suggests that the two canyons should have identical individual influence. The results of this trial are summarized in Table 3 ; the result with both canyons produced an A-weighted and an average 1/3-octave band EA of -3.9 dB-approximately double the single-canyon value of 2.0 dB.
A larger comparison in a 400 m field was then undertaken comparing the result from each of four individual canyons to a trial including all four together, as well as to a trial including all four along with their four reciprocal canyons (for a total of eight canyons). These results are summarized in Table 4 . The four-canyon EA of -6.0 dB is within 0.4 dB of the EA sum of the individual canyons, with a similar agreement for the A-weighted values.
Including the four reciprocal locations for a calculation over a total of eight canyons, the result of -12 dB is within 1 dB of the EA sum of the individual canyons on both a 1/3-octave band and an A-weighted basis.
Source and receiver height
Each of the prior results was calculated for a source and receiver exactly at roof level-the configuration most relevant to propagation over canyon openings. However, real sources and receivers may not always lie exactly at roof level; for instance, the case of noise emission from ventilation equipment mounted on structure over a rooftop. When both source and receiver are elevated, significant frequency dependence is expected due to interference between the direct and reflected waves (the "interference dip"). However, to the extent that the frequency dependence of the canyon result matches the frequency dependence with no canyon, the result "re no canyon" could still be nearly constant, even if the result "re free field" shows significant variation with frequency.
To illustrate this, Fig. 8 shows the results for a source and receiver elevation of 4 m, again for the case of a single 20 m x 20 m canyon in the center of a 200 m field. Two separate regions can be identified in the spectrum.
In low frequencies, up to about 500 Hz (i.e. below the first interference dip), the canyon influence was nearly constant at about -1.8 dB in each 1/3-octave band-the same result as was obtained for source and receiver at roof level. For higher frequencies, near the region of each interference dip, the result relative to the no-canyon case becomes very high, since the flat ground interference minimum is disturbed by the presence of the canyon.
With a lower source and receiver height, the frequency of the first interference dip is higher, and a wider frequency range of near-constant wideband results can be expected. At a source and receiver height of 1 m, the frequency of the first interference dip (approximately 17 kHz) would be well above the frequency range of interest-a result that holds regardless of the canyon location in the field.
Roof height
To better represent realistic variation in real building profiles, the presence of a change in roof height was investigated next. In such an arrangement, the different roof levels eliminate the direct line-of-sight path from source to receiver, as shown in Fig. 9 .
First, a 4 m increase in roof height across the canyon was investigated, with other geometry aspects remaining as in Fig. 2 . The results relative to the no-canyon case are plotted in Fig. 10 . In this case, the reference "no canyon" field is that of a flat roof with a 4 m jump in roof height at r = 110 m (the location of the far canyon wall), with source and receiver at their respective roof heights, as shown in the lower half of Fig. 9 . This reference field was computed using the same PE method used for the canyon case.
The results in Fig. 10 are near zero across all bands, and especially so at higher frequencies. The canyon has little influence on the receiver level, compared to the screening effect of the 4 m jump in roof height (which alone provides increasing attenuation with frequency).
In contrast, the results with a 1 m roof height difference clearly show the influence of the canyon, as illustrated in Fig. 11 . In low frequencies, the canyon influence is -1.8 dB, the same as with constant roof height. As the frequency increases, the influence remains close to zero, as was seen with the 4 m roof jump; as the wavelength shortens in comparison to the 1 m height difference, the screening effect begins to dominate.
Roof impedance
Real roof structures likely provide some finite impedance. Since the acoustic impedance of common roof constructions has not been widely studied, a real normalized impedance ( n Z ) of 78 was used as an approximation, corresponding to an absorption coefficient ( α ) of 0.05 for normal incidence. Fig. 12 shows the result of a trial using the geometry of Fig. 2 with a hard canyon but finite roof impedance. In this case, the reference calculation comprises an impedance roof with a 20 m hard strip replacing the canyon; the hard strip is included so that the absorption profile is consistent, since the canyon floor is also taken to be hard. The results reach -1.7 dB across the low frequency range, similar to a canyon in a hard roof. Some shifting of high frequency values is apparent, possibly due to diffraction at the boundaries of the hard strip in the reference case.
Downwind propagation
Thus far, all calculations were performed for a non-moving atmosphere with no temperature gradient, precluding the effects of atmospheric refraction. Since downwind refraction can result in higher received levels, calculations including a downwind gradient are of interest. The results in Fig. 13 correspond to a logarithmic downwind profile with a nominal wind speed of 10 m/s at 10 m height, using the geometry in Fig. 2 and a hard roof surface. The sound speed used varies with height according to These results, which represent the excess attenuation compared to flat ground with wind, show the familiar constant -1.8 dB value in the first several low-frequency bands, with erratic but much greater attenuation above 200 Hz. Fig. 14 presents the results using the same configuration, but for a reduced downwind speed of 4.6 m/s at 10 m height; with more moderate wind speed, this result shows the regular -1.8 dB wideband value up to500 Hz.
Both of these calculations showed erratic results in higher frequencies, with increased wind speed lowering the frequency boundary between constant and more erratic attenuation. This effect is likely due to the refractive "trapping" of higher-frequency waves near the ground surface: the logarithmic wind profile produces a steep gradient near the ground-level source-receiver line, yielding more multiple-reflection refracted paths between source and receiver at higher frequencies. The presence of the canyon interferes with some of these refracted paths, producing lower and less regular receiver levels at high frequencies. Inclusion of effects such as ground scattering, ground absorption, and turbulence would serve to moderate this trapping of ground-level waves, and may produce more realistic results in refractive conditions.
Conclusion
Calculations using the parabolic equation and equivalent sources methods showed that, under many With variations in roof height that result in significant screening between source and receiver, the screening influence strongly dominates the canyon influence (except at the lowest frequencies where the screening effect is weak). Finally, the current methods are sensitive to meteorological refraction effects, with erratic results at high frequencies under downward-refracting conditions.
Concerning future work, the attained results could contribute to a data set characterizing the attenuation of intermediate urban canyons, which could form a propagation loss factor within the framework of a more general engineering method such as the "flat city" model of Thorsson et al. [5] . Further results are however needed before such an engineering method could be considered complete; for example, an expanded study on the effect of combined variations of canyon width and canyon location. Further study of the effect of wind and temperature gradient on the canyon effect is also needed, both for propagation over canyons, and from canyon to canyon.
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